Abstract. Dispersal resulting in gene flow strongly affects the evolution ofgenetic structure in populations. This report describes statistical estimators of dispersal parameters based on USFWS banding recovery records. Finite-area studies of avian species yield estimates of root-mean-square (RMS) dispersal along a transect of about 1 km per generation. In contrast, estimates of RMS dispersal for the Red-winged Blackbird (Agelaius phoeniceus) and Common Grackle (Ouiscalus auiscula), based on USFWS banding recovery records, are 94.6 and 111.4 km per' generation, respectively. Distributions for both species are extremely leptokurtic, and confidence intervals based on jackknife statistics are large because the estimators are sensitive to outlying values. Dispersal rates can also be estimated from gene frequency data. Although all three kinds of data are not available for any one avian species, geneticbased estimates for several species are consistent with our estimates for Red-winged Blackbirds and Common Grackles in inferring that gene flow is generally high in North American birds-probably closer to 100 km than 1 km per generation. High' gene flow also implies that where geographic variation is observed, such as plumage patterns across hybrid zones, selection plays a role in maintaining the pattern of geographic variation.
INTRODUCTION
Gene flow is an important process that governs geographic variation in natural populations and, hence, the evolution of diversity (for reviews see Nagylaki 1975 , Endler 1977 , Wright 1978 , Slatkin 1985b . Numerous population genetics models illustrate how geographical patterns of genetic divergence evolve as functions of local selection pressures, population size, and gene flow between local and regional populations. Small local populations, or demes, will rapidly diverge by genetic drift if gene llow between them is restricted. At the other extreme, large populations interconnected by substantial numbers of dispersers will not diverge in the absence of strong local selection that offsets the homogenizing effect of gene flow.
Although determining the roles of selection and drift in the evolution of genetic structure in natural populations depends upon having at least a coarse estimate of dispersal, few dispersal data are presently available. Dispersal (or gene flow) can be estimated in two rather different ways. The first is to mark individuals and measure the distances from where they were born to where they breed. The second is to infer the level of gene flow by using mathematical models that interrelate gene flow and various measures of genetic structure. Each method has advantages and shortcomings. In this paper we concentrate on methods for measuring dispersal based on marked individuals. Among the disadvantages of this general approach are that the studies are long-term, laborious, logistically complex, and the data are usually disappointingly meager. In animals, individuals must be marked and followed throughout their lives from their birthplaces to subsequent breeding grounds. Mortality is usually high and thousands of individuals must be marked to expect an acceptable number of D is tr ibu t ion of &spersa I d istances FIGURE 1. An idealized bivariate probability density function for dispersal distances in birds. This particular figure was generated from the data for adult male Common Grackles (Table 3) dispersing from O-260 km. The apparent warping in the surface results from grouping data into classes, sampling error, interpolation of the surface between input data curves, and cubic-spline smoothing.
recoveries. More problematic is the fact that the search for marked individuals is usually limited to the small area of the species range where the animals were marked and released; this can substantially bias the estimate on the low side because individuals that disperse beyond the study boundary are not included in the estimate and long-distance dispersers make a disproportionately large contribution to gene flow (May et al. 1975, Moore and Buchanan 1985) . Because of these impracticalities, dispersal studies are unlikely for most kinds of animals. An exceptional group of animal species for which dispersal data are potentially available is the breeding birds of North America and Europe because they have been subject to extensive, governmental, banding programs for decades. Our objective is to describe methods for obtaining dispersal data from the United States Fish and Wildlife Service (USFWS) banding recovery data base and to describe statistical estimators of the dispersal parameters that appear in population genetics models such that these models can be applied to the study of the evolution of geographic variation in avian populations. We have chosen as examples the Red-winged Blackbird (Agelaius phoeniceus) and Common Grackle (Quiscalus quiscula), but the methods should apply to other noncolonial species for which there are sufficient recovery records. The statistical methods are applicable to any species for which comparable data are available. Analyses of some of these data have been reported previously (Dolbeer 1978, 1982) but here we report on larger sample sizes and analysis that provides estimates of dispersal parameters as they appear in the population genetics literature.
THE MODEL
The model considers the probability that a resident bird at geographical locale (x, Y)~ in breeding season t will be a resident at locale (x, y),,, in breeding season t + 1 (x and y could be longitude and latitude). The probability density function would be bivariate, considering the eastwest and north-south axes, and might be bellshaped and symmetrical as idealized in Figure  1 . It is unlikely that the distributions of actual bird dispersal distances and directions from specific locales are symmetrical. However, the USFWS banding recovery data would not be useful for estimating locale-specific distributions, and Yet another consideration is that most population genetics models of geographic variation A numerical example of the jackknife calculations is presented in Table 2 for the RMS dispersal estimate of Red-winged Blackbird HY females. The sample size is only 8; so, this easily can be calculated by hand. Jackknife statistics are not reliable for sample sizes this small; the example in Table 2 is given only to exemplify the calculation of these statistics. Jackknife statistics were computed by digital computer for the estimates of average dispersal distance d, RMS dispersal (GX), MS dispersal (a2,), and kurtosis (k,) based on the formulas in Table 1 . Table 3 for Red-winged Blackbirds and Common Grackles. The distance data are grouped into 20-km intervals, a distance that corresponds roughly with the height and width of a 1 O-minute block of latitude and longitude in the central United States.
RESULTS

The distributions of dispersal distances are tabulated in
Sex is recorded as unknown for most youngof-the-year (HY and L). For Red-winged Blackbirds, the sex is unknown for 89 of 123 youngof-the-year recoveries, 26 are recorded as male and only eight are recorded as female. These small samples for male and female seemingly do not justify separate tabulation; therefore, the data were pooled for male, female, and unknown sex. Although the sample sizes for young-of-the-year grackles are larger, we have tabulated only the pooled data for grackles (unknown sex, male, and female). The samples are large enough to warrant calculation ofdispersal estimates for these classes (see Table 4 ). A histogram of dispersal distances for adult male grackles is presented in Figure 3 for the purpose of quickly conveying an impression of the shape of the dispersal distribution.
The dispersal statistics are summarized in Table 4. (The statistics are calculated from the original data rather than the grouped data compiled in Table 3 .) Bearing in mind that the kurtosis of a normal distribution is 3.0, the estimated kurtoses of all of the one-dimensional dispersal distributions are large, and the lower limits of the 95% confidence intervals exceed 3.0 in all cases except for young-of-the-year female grackles, which infers that the distributions are significantly leptokurtic. Biologically, this means that most individuals do not disperse at all, but a few individuals disperse great distances.
The extreme leptokurtosis of the distributions is, of course, of biological interest, but it is also of concern with regard to estimation of the dispersal parameters. The quality of the estimates cannot be inferred from normal distributions, and, although the jackknife statistics seem to be valid, the resultant confidence intervals are large because the outlying values, which characterize the leptokurtic distributions, strongly affect the standard errors (SE). The larger sample sizes often do not result in appreciably smaller confidence intervals. Considering, for example, mean dispersal distances (d), the confidence intervals for all age-sex classes of Red-winged Blackbirds broadly overlap. Adult grackles appear to disperse less than young-of-the-year, but this inference is clouded by the fact that the two smaller samples where young-of-the-year were identified as male and female have mean dispersal distances comparable to adults. The large confidence intervals notwithstanding, it is clear that the average dispersal distances (d) generally exceed 14 km and that the single-axis projections of the RMS-dispersal distances (a,) generally exceed 32 km. The single axis kurtosis (k,) generally exceeds 23.
The estimates of RMS dispersal ((Jo) and kurtosis (k,) for the per-generation dispersal distributions, projected onto the single axis, can be calculated from the appropriate equations given in the previous section. For Red-winged Blackbirds the variance and fourth moment for young- What is the basis of the disparity? Unfortunately, the two kinds of studies have been done on different species, and it is possible that speciesspecific dispersal rates actually do differ to the extent indicated by the disparate estimates. It is likely, however, that the difference is at least in part an artifact of methodology. In this context, the biases inherent in the two kinds of studies need to be examined. The most serious shortcoming of estimates based on the USFWS banding recovery data is that all that is known of a bird is that it was recovered at a specific locale during the breeding season, and one cannot be certain that the bird was breeding or likely to breed at that locale. It is possible, for example, that most dispersers are birds that failed to establish territories at their natal sites and were forced to emigrate. These "losers" may have a reduced probability of establishing territories anywhere, and their inclusion in dispersal estimates would result in overestimates of gene flow. Thus, estimates of gene flow based on the USFWS data, or on any band-and-recovery study where the breeding status of the birds is unknown, will be unbiased only if dispersers and nondispersers have the same probability of breeding.
A related spectre is the possibility that the longdistance dispersers were actually recovered during spring migration, en route to their breeding grounds. The potential for this bias is particularly great given that mortality rates and, presumably, band-recovery rates are high during migration. We have attempted to reduce the risk of this bias by limiting recoveries to dates well within the known breeding seasons. Moreover, if this is a significant source of bias, then a preponderance of apparent long-distance dispersers should be birds recovered south of where they were banded. To test this, we selected cases from the data base in which the bird was recovered more than 484 km (300 miles) from where it was banded. Three of seven long-distance Red-winged Blackbird dispersers were recovered south of their banding sites, three north, and one at the same latitude. For the Common Grackle the breakdown was 24,20, and 1, respectively. These data suggest that misclassified spring migrants are not a source of bias.
The most serious potential bias in a finite-area study results from the exclusion of birds that leave the study area. Although this result is not intuitive, a few birds dispersing a long distance make an enormous contribution to RMS dispersal and, hence, potentially determine the genetic structure and evolution of the species. This is apparent from the formula for RMS dispersal (rewritten from Table 1 
